Wide field-of-view (FOV), label-free, super-resolution imaging is demonstrated using a specially designed waveguide chip that can illuminate a sample with multicolor evanescent waves travelling along different directions. The method is enabled by a polymer fluorescent film that emits over a broad wavelength range. Its polygonal geometry ensures coverage over all illumination directions, enabling high-fidelity image reconstruction while minimizing distortion and image blurring. By frequency shifting and iterative stitching of different spatial frequencies in Fourier space, the reconstruction of 2D samples is achieved without distortion over wide FOVs. The fabrication process is facile and compatible with conventional semiconductor-fabrication methods. The super-resolution chip (SRC) can thus be produced with high yield, offering opportunities for potential conjunction of super-resolution techniques integrated optical circuits or for the development of single-use diagnostic kits.
Introduction
Optical microscopy at high resolution plays an indispensable role in many areas of research, including biology, device fabrication, and materials research. However, in conventional microscopy, the attainable resolution is limited to around half the wavelength of the illumination light. To overcome this limit, various methods of far-field super-resolution microscopy have been reported over the past decades. Fluorescencebased super-resolution techniques such as stimulated emission depletion (STED) microscopy, [1] [2] [3] photoactivated localization and structures, suffering from serious distortions. In addition, because of the lack of precise control on evanescence illumination direction, these techniques suffer from frequency-aliasing and it is impossible for them to recover the original sizes of the samples. Fluorescence based super-resolution techniques have also been used in conjunction with waveguides chips, [21] [22] [23] [24] [25] demonstrating the potential of integrating photonic circuit technologies with super-resolution imaging. However, the labelfree coherent imaging on chip without distortion and blurring has not so far been reported. The design of an integrated chip for label-free, far field, super-resolution imaging would thus present a significant advance for a broad range of applications.
Here, we first introduce a super-resolution chip (SRC) capable of generating high wave vector components in the evanescent wave illumination to enable label-free, super-resolution imaging in a wide field microscope. By integrating an improved image reconstruction algorithm into our SRC-based illumination, we demonstrate that our approach effectively eliminates the image blurring and distortion artifacts which plagued previous implementations of evanescent wave imaging. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] We show that we can image 2D structures containing multiple spatial frequency components in arbitrary directions at subwavelength resolution. An essential component of our approach is the patterning of our SRC with poly(9,9`-dioctylfluorene-alt-benzothiadiazole) (F8BT) molecules, which are widely used in organic light emitting diode (OLED). Compared with microfiber and nanowire light sources, the fluorescent polymer films have superior luminescence and cost efficiencies, they are facile to fabricate, and scale-up for mass production is feasible. [26] [27] [28] [29] [30] [31] The wideband fluorescence emission of F8BT (from 480 to 700 nm for excitation in the blue) covers a large spatial frequency range, which is vital for the reconstruction distortion free images from the sample. [32] [33] [34] [35] In this work, we etched the F8BT film on a glass substrate with different polygonal shapes. The film was excited monochromatically at different locations, to generate illumination fields with multiple wave vector components. The emitted photons are waveguided along different directions of the film providing omnidirectional illumination. Vertical and oblique illumination are also applied to illuminate the sample, making sure enough coverage of frequency information from low frequency range to high frequency range. This enabled the distortion free, subwavelength resolution imaging of the sample in the center of the working region. Iterative algorithm was used to reconstruct images in Fourier space and well-converging solutions were obtained. The obtained results agreed well with scanning electron microscopy (SEM) and atomic force microscopy (AFM) images obtained from the same sample. Figure 1a demonstrates the fabrication procedures for SRCs to produce evanescent waves at multiple wavelengths/directions. When a sample o(r) with subwavelength size features is illuminated by an evanescent light with a wave vector K eva. , the scattered light can be written as s(r) = o(r)exp(iK eva. r). Here, r = (x, y) refers to the coordinates in the spatial domain. The detected intensity image of the target is given by Equation (1):
Results and Discussion

Imaging Principle
r is the Fourier spectrum of the sample and = ( ) ( ( )) H K F h r is the optical transfer function (OTF) of the microscope system, K = (K x , K y ) is the coordinate in the spatial frequency domain. The spatial frequencies of the samples are thus shifted to new frequencies K´ = K − K eva. under evanescent wave illumination. Information of the sample is only collected Figure 1 . a) Fabrication procedures for SRCs to produce evanescent waves at multiple wavelengths/directions. b) Schematic diagram of the evanescent field illumination and oblique illumination process. Under a given illumination direction, the object (here a circular ring pair) is partially resolved at different wavelengths using appropriate bandpass filters. In the diagram, θ represents the illumination direction and α is the incidence angle for oblique illumination. And obl. means oblique illumination, eva. represents evanescent illumination. c) Schematic of reconstruction method. K c , K cobl. , K ceva.2 , and K ceva.3 are the cut-off wavenumbers of the microscope system for different illumination modes and wavelengths; K obl. is the wave vector under oblique illumination; K eva.2 and K eva.3 are wave vectors for evanescent field illumination at wavelengths of λ 2 and λ 3 , respectively.
for |K´| < |K c | where K c = K 0 × NA = 2πNA/λ 0 is the cut-off wavenumber of the microscope system, λ 0 is the vacuum wavelength of the illumination light.
For subwavelength label-free, super-resolution imaging, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] because of the loss of spatial frequency information, the acquired images suffer from serious distortion. Widening the spatial frequency spectrum and illumination from multiple directions are key to successful reconstruction without distortion. In contrast to previous work, our chip design has the following advantages. First, we introduced multiple directions in the illuminating wave vectors to induce multiangle frequency shifting. Second, signals can be collected under a variety of illumination conditions and at different wavelengths, extending the spatial frequency information accessible from the sample. Figure 1b illustrates the unidirectional evanescent waves illumination originating from an individual side of the polygon: when a localized F8BT region is excited, the broadband fluorescence emission is confined within the planar waveguide and propagates toward the center of the polygonal region. The fields interact with the sample to produce scattered light, which is then imaged in the far field through a bandpass filter for frequency selection. Changing the excitation location along the edge of the polygon region, multiple illumination angles are produced, enabling 2D imaging.
Furthermore, oblique and vertical illumination (i.e., nonevanescent fields) is also performed to further extend the range of illumination wave vectors (Figure 1b ; Figure S6 , Supporting Information). Figure 1c illustrates how such illuminations are used to map out extended regions in K space to resolve subwavelength details. Conventional vertical illumination is used to transmit the low frequency information for imaging. Evanescent illumination waves of different wavelengths shift different high frequency components of the sample into the passband of the microscope system. The oblique illumination connects the low and high frequency ranges. Wavelength variation and different illumination modes thus ensure that there are no empty regions in K space. By iteratively stitching together the acquired frequency components, a converged frequency distribution F(K x , K y ) is restored in Fourier space. Finally, using inverse Fourier transformation, the converged solution is transformed back to the spatial domain to recover a superresolved image of the sample [36] [37] [38] [39] [40] [41] [42] [43] (Figure S7 , Supporting Information).
Results from Simulations
Precise control of excitation conditions and unidirectional propagation properties of the waveguide structure are key factors to the success of the technique. As demonstrated in Figure S8 , Supporting Information, when the light field is injected into a hexagon planar waveguide from one side, the propagating light field is predominantly confined to a narrow range of angles. Figure 2a shows simulation results for a pair of concentric circles with radii differing by 160 nm (80 nm linewidth and 80 nm gap width). The wavelengths for vertical and oblique illumination modes was modeled to be at 520 nm; and 532 and 632.8 nm for the evanescent wave illumination, respectively. These illumination conditions were also used for subsequent experiments presented. The incident angle α for oblique illumination was 60°. As shown in Figure 2b , under oblique illumination, the circle ring pair remains unresolved. Figure 2c shows the corresponding image under evanescent wave illumination at 532 nm with θ = 90° illumination direction. Clearly, some useful subwavelength information is recovered, however only along the illumination direction. To reconstruct 2D patterns, the illumination needs to be applied over different incident angles and directions. Figure 2d -f shows the reconstruction results when the number of illumination direction N is 12, 16, or 24, and both oblique and evanescent illumination modes are applied. From the simulation results, N ≥ 16 suffices to recover the sample information in sufficient detail.
Wide spatial frequency coverage is important to eliminate blurring and distortion in the reconstructed image. Figure 2g shows an array of lines (80 nm linewidth) arranged in the shape of a fan. Figure 2h ,i presents the results when the lines are illuminated from 16 directions. The line array was well reconstructed when vertical, oblique, and evanescent wave illumination were presented at different wavelengths ( Figure 2h ). In contrast, when the evanescent wave illumination at 532 nm was not applied, there was a serious blurring and distortion in the red rectangle region in Figure 2i. 
Experimental Results
To validate our method experimentally, we fabricated a set of three linear trenches (85 nm linewidth, 85 nm spacing, and 70 nm depth) using focused ion beam (FIB) etching on the surface of the titanium dioxide film waveguide (Figure 3a) . As demonstrated in Figure 3b ,c, the sample is not resolved under vertical and oblique illumination, alone. Next, we illuminated the dye films on those sides of the etched polygon that were parallel to the trench structure. The back scattered signal was filtered through a bandpass filter at 500 ± 2 nm (FWHM = 10 ± 2 nm) or 632.8 ± 2 nm (FWHM = 10 ± 2 nm) for imaging. Polarizer angle was arranged to be parallel with the trenches. Figure 3d ,g is images obtained for evanescent wave illumination at these wavelengths. Obviously, no individual illumination mode on its own suffices to recover the components of the pattern. After acquisition, intensity images were aligned using the edge of the polygon region as reference and cropped to the same size for reconstruction. Frequency information in the images was shifted to the correct position in the passband of objective according to the illumination wave vectors before image reconstruction. For oblique illumination, frequency shift vectors were given by K obl. = (-K 0 sinαcosθ, -K 0 sinαsinθ). For the evanescent wave illumination, the shift vectors were determined using the finite-difference time-domain (FDTD) method (see Table S1 , Supporting Information). After ten iterations of the recursive process, a wide frequency spectrum of the trenches was recovered (Figure 3h ). The spatial frequency spectrum was then processed using an inverse Fourier transform to create the image in the spatial domain and the result is shown in Figure 3i . The line pattern is clearly resolved in the resulting image. Figure 3j shows intensity profiles along the white dashed lines indicated in Figure 3a ,i and demonstrates good agreement between our experimental result and an SEM image. Simulations showed a good reconstruction fidelity also if the numbers of trenches were increased ( Figure S9b-d, Supporting Information) . For comparison, if data from the evanescent wave illumination at 632.8 nm was removed from the reconstruction process, the algorithm did not converge and the reconstructed image suffered serious blurring ( Figure S9a, Supporting Information) .
We next continued to demonstrate the method on more complex samples, containing multiple spatial frequencies along different directions. We produced a sample by engraving the Chinese character for "light," rendered by a set of parallel trenches to form different line segments of the symbol. The symbol was etched within a hendecagonal working region using the FIB technique ( Figure S10a , Supporting Information). As depicted in Figure 4a , the center-to-center distance between etched trenches is 146 nm (76 nm linewidth and 70 gap width) and the profile depth is 70 nm. As these feature sizes were smaller than the diffraction limit, the pattern could not be resolved by conventional microscopy (Figure 4b ). When the pattern was illuminated under oblique illumination at an incident angle of 62.26° from six different directions in step sizes of 60°, the parallel lines in the symbol remained unresolved ( Figure S11a-c, Supporting Information) . Figure S12d ,e, Supporting Information, was obtained using 360° evanescent illumination when the F8BT film around the sample region was fully illuminated by a xenon lamp and scattered signals were detected for two wavelength bands filters at 532 ± 2 nm (FWHM = 10 ± 2 nm) and 632.8 ± 2 nm (FWHM = 10 ± 2 nm). Finally, a 405 nm CW laser source was used to locally excite the F8BT film along different edges of the working region. By exciting the sides and vertex positions of the hendecagon region in turn ( Figure S10b-d, Supporting Information) , evanescent fields from 22 directions were produced at the two wavelengths ( Figure S11f-o, Supporting Information) . The polarization angle of the polarizer was changed to perpendicular to corresponding illumination directions. As shown in Figure S11f -o, Supporting Information, the best resolution was obtained only along those directions that were parallel to the illumination direction. 
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Frequency components carried by the intensity images under different illumination angles were shifted to their correct positions according to the different illumination modes to recover the 2D spatial frequency spectrum for reconstruction. Figure 4c shows the frequency spectrum of the character after ten computational iterations. Performing an inverse Fourier transform on the frequency spectrum yields a well-reconstructed image of the symbol (Figure 4d) . FOV of the imaging system is determined by the overlapping region of light fields propagating from different directions. As demonstrated in Figure S10b -d, Supporting Information, length of the side is about 15 µm, effective FOV of the system is larger than 200 µm 2 . Images reconstructed from data without oblique illumination do not match the original pattern well ( Figure S12a , Supporting Information). Reducing the number of illumination directions to ten resulted in loss of fidelity, and some details were not well reconstructed ( Figure S12b, Supporting Information) . An AFM image of the character shows that the edges of the etched trenches were not homogeneously flat (Figure 4,d,e) , which may explain the nonuniformity in parts of the reconstruction results. Even so, normalized intensity profiles agree well between reconstruction result and AFM/SEM images with similar center-to-center distances measured for all three methods (Figure 4g) .
To demonstrate the practical capabilities of our SRC to image irregular samples, we deposited bundles of multiwall carbon nanotubes (MWCNTs) (diameter: 10-20 nm; length: 200-250 µm) on the waveguide surface. The sample was illuminated with evanescent waves at wavelengths of 532 nm and 632.8 nm from 16 directions. The samples were produced by dispersing MWCNTs homogeneously in a pure alcohol solution using ultrasonication. The solution was then dripped on the surface Figure 3 . a) SEM image of a structure containing three linear trenches. The center-to-center distance between adjacent trenches is 170 nm (85 nm linewidth and 85 nm gap width); their depth is 70 nm. b) Optical image of structure obtained under vertical illumination. c) Image for oblique illumination with an incidence angle of 58°. d,e) Images under evanescent wave illumination at a wavelength of 632.8 nm. f,g) Evanescent wave illumination at 500 nm. The red arrows represent corresponding propagation directions of illumination waves with respect to the sample surface. h) Frequency spectrum (on a logarithmic scale) of sample image after ten iterations of the frequency reconstruction algorithm. Components within the black, green, red, and blue circles correspond to intensity images under vertical, oblique, and evanescent wave illumination at 532 and 632.8 nm, respectively. i) Final, reconstructed image. j) Normalized intensity profiles corresponding to the dashed lines in Figure 3a,i. www.afm-journal.de www.advancedsciencenews.com of a clean glass substrate and from there MWCNTs samples were transferred to the working region of the SRC using optical fiber tapers. Figure 5a presents an SEM image of MWCNTs sample 1. As demonstrated in Figure 5b , subwavelength details in Figure 5a are not resolved by conventional brightfield microscopy. Figure 5c shows an image of sample 1 under evanescent illumination along the direction of the white arrow at 532 nm, in which some details are already visible. As demonstrated in Figure 5d , MWCNTs sample 1 is well reconstructed using our method. However, since the penetration depth of evanescent waves is limited, samples must be in direct contact with the sample substrate. For the MWCNTs sample, this was not always the case. Figure 5e represents an SEM image of MWCNT sample 2, and clearly, some fibers are crossing over others and therefore not in contact with the substrate. Thus, the evanescent illumination mode does not contribute any information to those parts of the sample (Figure 5g ) and high spatial frequency detail will miss in the reconstruction. Figure 5h demonstrates this, and reconstruction of the upper fiber is poor, while much higher resolution is afforded for the lower fiber that is directly in contact with the substrate. Intensity profiles are presented in Figure 5i , again demonstrating good agreement between SEM and reconstruction results.
Conclusions
In summary, we have demonstrated a novel label-free wide-field SRC that permits convenient illumination of a sample from various directions, incidence angles, and over a large range of wavelengths. In conjunction with a reconstruction algorithm, the technology permits coherent, label-free imaging of samples at subwavelength resolution. Using laser direct writing and E-beam evaporation techniques, polygonal waveguide arrays with different geometries and sizes were manufactured, which were surrounded by F8BT dye films. The latter could be excited locally near a side of the polygonal working region, to emit broad bandwidth fluorescence light, that coupled efficiently into the polygonal waveguide. Through sequential excitation of different sides of the polygon, evanescent waves could be created, travelling toward the sample from different directions. The broad bandwidth evanescent waves scattered by the sample were filtered with narrow band pass filters, to permit sampling of different parts of the spatial frequency spectrum of the sample. By combining the spatial frequency information carried by images under vertical, oblique, and evanescent wave illumination at different wavelengths, high-resolution images of 2D samples were obtained. We demonstrated the methods on subwavelength sized features of etched patterns and MWCNT fibers. Our reconstruction results match well with SEM/AFM images and demonstrate the potential of the SRC for practical applications in material science and in the life science field.
Resolution limit of the technology is determined by wave vectors used for evanescent wave illumination, while quality of the waveguide film determines the propagation distance of the evanescent waves, ultimately limiting the FOV of the system. [20] As demonstrated in Figure S13 , Supporting Information, when the size of the sample is smaller than 40 nm (i.e., the linewidth of a CNT or single etched slot), the full width at half maximum (FWHM) of the normalized intensity profile becomes 128 nm, and we take this to a measure of the system's resolution. In the future, if fluorescence materials with wider spectra than F8BT (e.g., to cover 400-750 nm) and high-quality film waveguides with higher refractive index than titanium dioxide films are available, further resolution enhancements can be afforded in a wider FOV. In our current design, the SRC is transparent, permitting images to be obtained under vertical and oblique illumination modes, as well in transmission. An exciting future opportunity is presented by the possibility to excite the F8BT films by electron injection. Electrodes with given shapes and sizes could be designed to obviate the need for external excitation laser light, making the imaging system more compact and efficient. [44] [45] [46] [47] The penetration depth of evanescent waves into the sample is given by Equation (2):
where n eff is the effective mode index of the waveguide mode, and n s is the refractive index of the sample. In future work, by designing chips with optimized refractive index and thickness, penetration depths of more than a micrometer are conceivable. [23, 48] 
Experimental Section
Fabrication of a SRC: A 90 nm thick F8BT film was spin-coated on the surface of a 0.5 mm thick, 1.5 cm × 1.5 cm K9 substrate and dried using a heating stage at 80 °C for 5 min. Next, laser direct writing technique was used to fabricate an array of polygonal patterns. Wavelength of the pulsed laser was 780 nm, and its duration time was less than 120 fs with a repetition rate of 80 MHz. Measured laser power was about 310 mW, and machining precision of the system was smaller than 100 nm. Then a 70 nm thick titanium dioxide film was deposited by electron-beam (E-beam) evaporation at room temperature to form a planar waveguide on the glass substrate ( Figure S1 , Supporting Information). Refractive index of the deposited titanium dioxide film was 2.05.
Characteristics of the Film: AFM was used to verify that the film surface was smooth, and that no fractures were present at the edges of the polygons ( Figure S3 , Supporting Information). This ensured that fluorescence from the F8BT film ( Figure S2 , Supporting Information) was coupled efficiently into the titanium dioxide film waveguide. Figure S4 in the Supporting Information shows the surface characteristics of the titanium dioxide waveguide and titanium dioxide/F8BT films. The high quality of the films is evident, permitting low-loss propagation of the coupled light. For imaging, samples were placed in the center of a polygonal region.
Imaging Set-Ups: A 100×, 0.85 NA objective lens was used in an upright microscope (Zeiss AXIO A2m) to focus the 405 nm continuous laser light on the edge of the working region for excitation and to collect the scattered light for imaging. The laser beam was cleaned up using a 20 µm diameter pinhole after a 25×, 0.4 NA objective lens to improve the intensity uniformity of the focused spot ( Figure S5 , Supporting Information). Wavelength selection of the scattered light was realized by means of a band-pass filter placed in front of the detector. In experiments, a rotatable polarizer was installed in front of the CCD camera (Nikon DS-Fi1c) to permit the selection of desired polarization states in the scattered signal, selecting the illumination directions of transverse light that interacts with samples.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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